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Peripheral blood monocytes utilize free glutamine (Gln) in addition to glucose as an important energy substrate. Although this demand
increases upon activation, monocytes are commonly confronted with decreased plasma Gln during critical illness and thus suffer from Gln-
starvation. Here we investigate the influence of Gln-starvation on protein stability and its effects on the monocyte proteome. Gln-starvation
caused a reduction of protein degradation which was accompanied by an accumulation of ubiquitin–protein conjugates and a reduction of
intracellular ATP. Similar effects were observed under ATP-reducing conditions and in the presence of a proteasome inhibitor. Using two-
dimensional gel electrophoresis we identified the IL-1h precursor protein (pIL-1h) as the, by far, most induced protein in endotoxin-treated
monocytes. The degradation of the short-lived pIL-1h was strongly reduced during Gln-starvation, while the degradation of the long-lived,
constitutively expressed h-actin was less affected. This indicates that although Gln-starvation reduces protein breakdown on the overall
proteasome level, it leads to differential changes in the stability of specific proteins. This selective effect is likely to contribute to the
immunocompromised state of monocytes commonly observed during critical illness.D 2003 Elsevier Science B.V. All rights reserved.Keywords: Glutamine; Amino acid starvation; Monocyte; Proteasome; Protein breakdown1. Introduction
Glutamine (Gln) is by far the most abundant free amino
acid in human blood. It plays an important role as a carrier
of nitrogen, carbon, and energy between organs and is used
for hepatic urea synthesis, for renal ammoniagenesis, and
for gluconeogenesis in both liver and kidney. Gln catabo-
lism is initiated by the g-deamination of the molecule by
mitochondrial glutaminase to form glutamate, which can be
further deaminated to form a-ketoglutarate and thus enter
the citric acid cycle. Although most tissues have the ability
to synthesize Gln, it can be utilized as a major respiratory
fuel by only a few glutaminase-expressing tissues such as
liver, kidney, intestine, lymphocytes and monocytes/macro-
phages [1,2]. Gln from dietary sources is almost completely
catabolized by gut and liver. The Gln circulating in the0925-4439/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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etal muscle, lungs, and adipose tissue. Numerous recent
studies have demonstrated that this endogenous Gln storage
and synthesizing capacity is not sufficient to meet the needs
of the individual during critical illness [3]. This results in
significantly decreased Gln concentrations in plasma and
skeletal muscle, which correlates with increased suscepti-
bility to infections and a higher degree of whole body
protein catabolism [4,5]. Nutritional supplementation of
Gln has been shown to reduce hospital infection rates after
bone marrow transplantation [6,7], burns [8], major trauma
[9] and in premature infants requiring intensive care [10].
However, the underlying mechanisms of this protective
effect of Gln supplementation on nosocomial infection rates
remain uncertain.
Monocytes play a central role in the immunological
response to infections. Activation of monocytes with lip-
opolysaccharide (LPS or endotoxin) results in a rearrange-
ment of cellular metabolism and leads to a significant
increase of glutaminase activity [11]. Thus, monocytes have
a higher need for Gln, particularly in patients with reduceded.
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have focused on the influence of a limited availability of
Gln on monocyte function and protein expression. We could
show that lowering the Gln concentration in cell culture
medium from 2 to 0.2 mM reduces phagocytosis and
decreases antigen presentation of cultured monocyte-
derived macrophages [12]. In addition, Gln-depletion dimin-
ishes cytokine production in response to LPS stimulation in
mouse macrophages [13]. These effects of Gln-depletion
might contribute to the immunosuppression commonly
observed in critically ill patients with low plasma Gln. We
could show in recent in vivo studies that Gln-supplementa-
tion in patients undergoing elective surgery helps to correct
the decreased plasma Gln concentration. This was associ-
ated with a reduction of the negative effect of surgery on
monocytes such as decrease in HLA-DR and reduced TNF-
a production in response to ex vivo LPS stimulation [14].
Thus, maintaining the physiological Gln level seems to be
important for monocyte function. For a better understanding
of the molecular role of Gln, we recently investigated the
effect of Gln-starvation on the monocytic U937 cell line in
more detail. Low Gln concentration in the culture medium
induces phenotypical and functional changes of U937 cells
[15]. The cells reduce their proliferation rate and increase
their volume without changes in viability. They express
increased levels of CD64, of CD11b/CD18 and of CD23.
These data show that Gln depletion influences the presence
of specific proteins in monocytes, thus affecting their
proteome. The composition of the proteome is controlled
on the one hand by de novo protein synthesis and on the
other hand by protein degradation. The stability of numer-
ous proteins is regulated by the ubiquitin/proteasome deg-
radation pathway. This regulatory mechanism occurs rapidly
and often in response to an extracellular signal and is suited
to accommodate the versatile needs of signal transduction
even better than most other protein modification systems.
The regulatory capacity of ubiquitination/degradation
includes transcription factors such as the pro-inflammatory
factor NF-nB [16], signaling molecules such as the TNF-a
receptor associated factor TRAF2 [17] and is involved in
antigen processing [18]. With this broad spectrum of protein
substrates, it is not surprising that the system was recently
implicated in the regulation of the immune response and the
pathogenesis of several diseases [19]. The present study
characterizes the effect of Gln-starvation on the ubiquitin/
proteasome mediated protein degradation in monocytic
cells. It investigates whether Gln depletion modifies the
LPS response on the overall proteome level and analyzes
specific effects on single proteins.2. Material and methods
[35S]-methionine was obtained from Amersham (Buck-
inghamshire, UK), Lactacystin from Calbiochem-Novabio-
chem Corp. (San Diego, CA) and 2,4-dinitrophenol fromSigma Chemical (St. Louis, MO). All other chemicals used
were purchased from Sigma.
2.1. Cell culture and treatment
Human monocytes were isolated from peripheral blood
mononuclear cells (PBMCs) by depletion of non-mono-
cytes with an indirect magnetic-labeling monocyte isolation
kit (MACS, Miltenyi Biotech, Bergisch Gladbach, Ger-
many). PBMCs were isolated from the heparinized blood
of healthy adult volunteers by density gradient centrifuga-
tion with Lymphoprepk (Nycomed, Oslo, Norway) and
washed twice in PBS. For depletion of other leukocytes
from PBMCs, cells were incubated with a cocktail of
hapten-conjugated CD3, CD7, CD19, CD45RA, CD56,
and anti-IgE antibodies and MACS MicroBeads coupled
to an anti-hapten antibody. The magnetically labeled cells
were depleted by retaining them on a MACS column in the
magnetic field of the Midi-MACS (Miltenyi Biotech). The
isolated cell flow through fraction contained at least 90%
monocytes. Human premonocytic U937 cells (ATCC,
Rockville, MD) as well as primary monocytes were grown
in RPMI-1640 cell culture medium supplemented with
10% FCS, 2 mM Gln, 0.1% penicillin, and 0.1% strepto-
mycin at 37 jC/5% CO2. U937 cells from passages 15–25
were used for experiments. For Gln-starvation, cells were
cultured without Gln-supplementation for the indicated
time. This medium still contained 0.05 mM Gln due to
the Gln content of FCS. As we have shown in previous
studies, this Gln-starvation treatment had no influence on
the viability of both cell types, U937 cells and monocytes
[12,15].
2.2. SDS-polyacrylamide gel electrophoresis and Western
blot
Cells were lysed in 10 mM Tris–HCl, pH = 7.8, 1 mM
EDTA, 10 mM KCl, 0.3% Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 Ag/ml leupeptin, and 1
Ag/ml aprotinin and centrifuged at 800 g for 5 min. The
supernatant was again centrifuged (14,000 g for 5 min)
and the supernatant was stored at  70 jC. Five micro-
grams were applied on a 8–16% polyacrylamide gradient
SDS gel (Bio-Rad, CA). For autoradiography, gels were
dried and exposed to a BIOMAXTM MR X-ray film
(Kodak, Rochester, NY). Proteins were transferred to a
nitrocellulose membrane for Western blot analysis. Ubiqui-
tinylated proteins were targeted with a monoclonal mouse
antibody against ubiquitin (5 Ag/ml) from Calbiochem-
Novabiochem. Bound antibodies were detected with a
peroxidase-conjugated anti-mouse IgG antibody (Pierce,
Rockford, IL, USA) in the presence of the chemilumines-
cent substrate Super Signal (Pierce). The membranes were
exposed to a BIOMAXTM MR X-ray film (Kodak).
Exposed films were digitally scanned (Scanner Molecular
Imager FX Pro Plus Biorad, Hercules, CA, USA) and
Fig. 1. Influence of glutamine on intracellular ATP concentration. U937
cells were cultured for 3 h with (+Gln) or without (Gln) 2 mM glutamine.
Intracellular ATP levels were determined using the bioluminescence
luciferin/luciferase assay system. Data from duplicates of four independent
experiments are presented as the mean ATP concentration/Ag total
proteinF S.D. (Student’s t-test: ***P < 0.001.).
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software (Biorad).
2.3. Protein synthesis and degradation
The rate of protein synthesis was determined by the
incorporation of [35S]-methionine into proteins. Cells were
incubated for 1 h in amedium containing 0.017 nmol/ml [35S]
methionine (1176 Ci/mmol) and 100 nmol/ml unlabeled
methionine (ratio 1:5880). Then cells were washed twice in
PBS and lysed as described above. Seventeen micrograms of
cytosolic proteins were separated by SDS-PAGE. Gels were
stainedwith Coomassie, dried on a filter paper and exposed to
a BIOMAXTM MR X-ray film (Kodak) at  80 jC. Radio-
activity of proteins with a molecular weight between 20 and
200 kDa was used as a measure of [35S]-methionine incor-
poration. Protein degradation was determined by a pulse-
chase experiment. Degradation was defined as the decline of
incorporated radioactivity after pulse-labeling of cells with
[35S] methionine. U937 cells or monocytes were labeled for 1
h with 20 ACi/ml [35S] methionine as described above. Then
cells were washed with PBS and further cultivated in non-
radioactive cell culture medium containing 100 nmol/ml
methionine. After the indicated chase period, cells were
washed, lysed and separated by SDS-PAGE as described
above. The remaining radioactivity in 20–200 kDa proteins
was determined by autoradiography of the gels.
2.4. Intracellular ATP
The intracellular ATP level was determined using the
bioluminescence luciferin/luciferase assay system [20]
with modifications as previously described [21]. Briefly,
U937 cells were washed twice in PBS, counted and 1 ml
0.5 M HClO4 was added to 10
6 cells. After centrifugation
(14,000 g for 10 min) 50 Al of supernatant were mixed with
12.5 Al 1 M Na2CO3 to elevate the pH and were added to
937.5 Al TAE (100mMTris–acetate pH= 7.8, 2 mMEDTA).
Two hundred microliters of this solution was filled in a
transparent vial and after automatic injection of 50 Al ATP-
monitoring reagent (Bio-Orbit, Turku, Finland), light emis-
sion was measured for 20 s in a chemiluminometer (Auto-
Lumat LB953 from Berthold, Wildbad, Germany).
2.5. Two-dimensional electrophoresis
High-resolution two-dimensional gel electrophoresis was
carried out as we have described previously [22]. Briefly, the
protein samples were dissolved in 10 M urea, 4% CHAPS,
0.5% SDS, 100 mM dithiothreitol supplemented with 2%
(v/v) ampholyte, pH 7–9 (Merck). Isoelectric focusing of 70
Ag protein samples was performed at 15,500 Vh in a stepwise
fashion (2 h at 200 V; 3 h at 500 V; 17 h at 800 V) in 4%
acrylamide (Gerbu, Gaiberg, Germany), 0.1% piperazine
diacrylamide (Bio-Rad) 1.5 mm 16 cm tube gels. The gel
buffer contained 1.55%CHAPS and 0.52%Nonidet P-40 and2% ampholytes (Merck) (1 volume pH 3.5–10; 1 volume pH
4–8; 2 volumes pH 5–7). Degassed 20 mM NaOH served as
catholyte, and 6 mM H3PO4 served as anolyte. For SDS-
PAGE, the extruded tube gels were placed on top of 12%
polyacrylamide slab gels. After equilibration with 2.9% SDS,
70 mM Tris–HCl, 0.003% bromphenol blue, the gels were
run at 15 jC in electrode buffer (0.1% SDS, 25 mM Tris–
HCl, pH 8.3, 200 mM glycine). Gels were silver-stained by
the method of Wray et al. [23], dried and exposed to a
BIOMAXTM MR X-ray film (Kodak).3. Results
3.1. Influence of Gln-starvation on intracellular ATP and
protein ubiquitination
The present work characterizes the effect of Gln-starva-
tion on the ubiquitin–proteasome-mediated protein break-
down. We used human premonocytic U937 cells as well as
peripheral blood monocytes in this study with the intention
to get a better understanding on general Gln-starvation
effects. To investigate the immediate starvation response
and to prevent secondary adaptive effects, we exposed cells
to Gln-depleting conditions for only a few hours. As shown
in Fig. 1, a short starvation period of 3 h is sufficient to lead
to a drop of intracellular ATP by 33.8F 5.6% (P= 0.004),
which is similar to what we observed in our previous study
after a prolonged starvation for 4 days [12]. The measured
ATP decrease during Gln-deprivation is likely to be due to
the lack of Gln as an important substrate, since in mouse
macrophages, it has been shown that 38% of ATP produc-
tion is derived from Gln utilization and only 62% from
glucose [24]. For characterization of the ubiquitin–protea-
some pathway under such conditions, we determined the
amount of ubiquitin–protein conjugates in the cells by
Western blot using ubiquitin-specific antibodies. Since
Western blots are not very quantitative, we insured uniform
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gel. We corrected the optical density of the ubiquitinated
proteins by the intensity of the Coomassie stain from the
particular sample. The results are shown in Fig. 2. In both
cell types, Gln-starvation caused a significant increase of
ubiquitin-conjugated proteins by 12F 8% in U937 cells
(P < 0.05, n = 4) and by 16F 6% in monocytes (P < 0.05,
n = 3) in relation to total protein. This suggests that Gln-
starvation leads to an accumulation of ubiquitinylated pro-
teins in the cell.
3.2. Protein metabolism in Gln-starved cells
Ubiquitinylated proteins are targeted for degradation by
the proteasome. To assess whether the increase in ubiq-Fig. 2. Accumulation of ubiquitinylated proteins during glutamine
starvation. U937 cells or monocytes were incubated for 3 h with (+Gln)
or without (Gln) 2 mM glutamine. Cytosolic proteins (5 Ag) of each
treatment group were analyzed for ubiquitin–protein conjugates by specific
antibodies. (A) Western blot. The position of marker proteins with known
molecular weights are indicated on the left and right sides of the gels.
Ubiquitin monomers are very small (the apparent MW on SDS gels is 13–
16 kDa) and they are therefore not visible on the blot. When bound to
proteins, however, ubiquitin can be seen and the optical density of the
bands representing proteins with a molecular weight of 20–200 kDa was
taken as a measure for the amount of ubiquitin–protein conjugates. To
insure uniform protein loading, the optical density of the ubiquitin–protein
bands were corrected by the particular Coomassie stain of the sample. (B)
Statistical evaluation of three independent experiments. The bars show the
mean relative optical density of the Western blots in the molecular range
between 20 and 200 kDa.uitin–protein conjugates in Gln-starved cells is associated
with a modified protein degradation rate, we measured the
overall protein breakdown. Cells were cultured in the
presence of [35S]-methionine for in vivo pulse-labeling
of proteins. This was performed in complete medium
containing Gln to avoid any influence on [35S]-methionine
incorporation. Then [35S]-methionine was replaced in the
medium by non-radioactive methionine and cells were
cultured in medium with or without Gln for up to 9 h.
The protein breakdown under these conditions was deter-
mined by the decline of incorporated radioactivity in the
proteins. Therefore, cells were lysed at different times and
the protein extracts were separated by SDS-PAGE. Fol-
lowing autoradiography, the optical density of the bands
in a molecular range of 20–200 kDa was used as a
measure for the radioactivity remaining in the proteins.
This method detects only the radioactivity which is
incorporated in the proteins. Pilot experiments showed
that this technique is more accurate than the measurement
of [35S]-methionine from TCA pellets which also contain
non-protein components (data not shown). Under normal
culture conditions ( +Gln), we observed a strong reduction
in the radioactivity during the first 3 h after pulse-label-
ing, which was followed by a slow decline in the
subsequent 6 h (Fig. 3, A + B straight line). Protein
half-lives vary widely and include both rapidly and slowly
degraded ones. Therefore, we suppose that the strong
breakdown in the first 3 h is associated with short-lived
proteins. Calculating over the first 3 h resulted in a
protein breakdown rate of 9%/h in U937 cells as well
as in monocytes. Under Gln-depleting conditions, how-
ever, the degradation rate for the first 3 h was reduced in
both cell types by about 58% (to 3.7%/h in U937 cells
and monocytes; Fig. 3, A +B broken line). The measured
protein breakdown rate during the next 6 h was approx-
imately the same as under non-starvation conditions.
These data indicate that Gln-starvation leads to a reduc-
tion in breakdown of short-lived proteins. No effect was
seen on breakdown of long-lived proteins. However, due
to the period studied (only 9 h) small changes in the
degradation rates of long-lived proteins might not be
evident. Gln-starvation leads to a reduction in protein
breakdown although more ubiquitin–protein conjugates
are present in the cell. This effect occurs in both cell
types to a nearly identical extent.
Protein breakdown along the ubiquitin–proteasome
pathway is an energy-dependent process. Since Gln-star-
vation leads to a decrease in intracellular ATP (as shown
above) the observed reduction of protein breakdown
might reflect an economy measure of the cell. In times
of limited substrate availability, cells commonly decrease
protein synthesis in order to reduce ATP-consumption. To
estimate whether the observed reduction of protein break-
down in Gln-starved cells is abundant enough to influence
their proteome, we investigated the protein synthesis rate
under these conditions. Therefore, cells were cultured in
Fig. 3. Protein degradation in U937 cells and monocytes during Gln starvation. U937 cells (A) and monocytes (B) were pulse-labeled with 20 ACi/ml [35S]-
methionine for 1 h. After removal of extracellular [35S]-methionine, cells were incubated in medium with ( +Gln) or without (Gln) 2 mM glutamine for up to
9 h. Then proteins were extracted, separated by SDS-PAGE and [35S]-methionine incorporation was visualized by autoradiography (one representative
experiment is shown on the right part of the figure). [35S]-methionine incorporation was quantified by densitometric analysis of the autoradiography taking into
account the bands in the range of 20–200 kDa. The incorporation immediately measured after pulse-labeling was set to 100%. Each value represents the mean
of three experimentsF S.D. (Student’s t-test: *P < 0.05, **P < 0.005).
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with [35S]-methionine during the last hour. Then cells
were lysed and the proteins were separated by SDS-
PAGE. The [35S]-incorporation was determined as
described above. The amount of incorporated [35S]-methio-
nine reflects the protein synthesis rate. Protein synthesis
was lower in both cell types when Gln was depleted (see
Fig. 4). U937 cells showed a 45F 18% (P < 0.004, n = 4)
and monocytes a 25F 12% (P < 0.03, n = 3) lower radio-
activity in comparison to the corresponding non-starved
cells. Taken together, these data demonstrate that Gln-
starvation leads to a reduction of both protein synthesis
and breakdown.
To determine the consequences of Gln-starvation on
protein content, we cultured cells for 3 h in the absence
of Gln and analyzed the protein content using a Bradford
assay. Surprisingly in both cell types, U937 cells and
monocytes, cellular protein levels in the absence of Gln
were slightly higher than under normal growth conditions:
94F 24 Ag protein/106 U937 cells in comparison to80F 24 Ag protein/106 U937 cells (P= 0.02, n= 6) and
73F 21 Ag protein/106 monocytes in comparison to
68F 22 Ag protein/106 monocytes (P= 0.0007, n = 9).
While being well aware of the assay limitations in protein
quantitation, we found the measurements to be highly
reproducible and suited to indicate a protein accumulation
after Gln deprivation by 17% in U937 cells and 7% in
monocytes. However, this analysis cannot distinguish
whether the protein accumulation derives from changes
in protein breakdown, synthesis, uptake, or secretion.
3.3. Effect of Gln-starvation on the ubiquitin–proteasome
pathway
Degradation of ubiquitin–protein conjugates requires
functional 26S proteasome complexes. These are formed
by the assembly of 19S and 20S subunits in an ATP-
dependent process. Under ATP-depleting conditions, such
as Gln-starvation, the 26S proteasome assembly may be
impaired resulting in a reduced protein breakdown rate
Fig. 4. Protein synthesis in Gln-starved cells. U937 cells and monocytes
were incubated in medium with (hatched bars) or without (open bars) 2 mM
glutamine for 3 h. For pulse-labeling, 20 ACi/ml [S35]-methionine were
added after the second hour. Then proteins were extracted, separated by
SDS-PAGE and [35S]-methionine incorporation was visualized by auto-
radiography. [35S]-methionine incorporation was quantified by densitomet-
ric analysis of the autoradiography, taking into account the bands in the
range of 20–200 kDa. The experiment was performed three times and the
incorporation measured in the presence of Gln was set to 100% in each
experiment. The bars show the mean decrease in the Gln-depleted cells.
Fig. 5. Protein degradation in U937 cells treated with DNP or LA in the
absence of glutamine. U937 cells were incubated in medium with (hatched
bars) or without (open bars) 2 mM glutamine for 3 h. For pulse-labeling,
20 ACi/ml [S35]-methionine were present during the last hour of
incubation. Then cells were washed to remove [35S]-methionine from the
medium and cells were cultured in the presence of either DNP (0.357 mM)
or LA (10 AM) for an additional 6 h. The remaining incorporated
radioactivity was measured as described in Fig. 2. The values given refer to
the initial level of radioactivity (set to 100%) detected immediately after
pulse-labeling. Each value represents the mean of three experimentsFmean
S.D. (Student’s t-test: **P< 0.005 vs. glutamine supplemented untreated
control group, first hatched bar).
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this hypothesis, we investigated the ATP-dependence of
protein degradation in Gln-starved U937 cells. Therefore,
cells were cultured in the presence or absence of Gln and
pulse-labeled with [35S]-methionine. Then the radioactive
tracer was removed and cells were treated with the
mitochondrial uncoupler 2,4-dinitrophenol (DNP) for
immediate and substantial ATP-depletion. The protein
breakdown was assayed by the decline of incorporated
radioactivity as described above. In the presence of Gln,
DNP treatment resulted in a reduction of protein degra-
dation to the same level as observed in untreated cells in
the absence of Gln (Fig. 5). However, when added in the
absence of Gln, DNP had only minor effects. This
suggests a similar and non-additive negative effect of
Gln-starvation and ATP-depletion on protein degradation.
To further determine whether this negative effect is
mediated by a reduced activity of the 26S proteasome,
we used lactacystin (LA) a specific inhibitor of this
complex. The results were similar to that observed with
DNP: in the presence of Gln, LA induced a reduction of
protein degradation to levels observed in untreated cells in
the absence of Gln. LA treatment of Gln-starved cells
induced no further decrease in protein degradation. This
suggests that the impaired protein breakdown during Gln-starvation is due to a decrease in ATP-dependent 26S
proteasome-mediated protein degradation. The remaining
20% protein degradation are inhibited neither by DNP nor
by LA and are therefore likely to represent the ATP-
independent protein degradation pathway. To assess
whether a reduced activity of the 26S proteasome could
be responsible for an accumulation of ubiquitinylated
proteins, as observed in the absence of Gln, we inves-
tigated the effect of LA on the level of ubiquitin–protein
conjugates. The results are summarized in Fig. 6. LA
treatment of U937 cells and monocytes cultured under
normal growth conditions led to an accumulation of
ubiquitinylated proteins to similar levels as found in
untreated cells in the absence of Gln. However, LA
treatment of Gln-starved cells had no further influence
on the level of ubiquitin–protein conjugates. Taken
together, these data indicate that Gln-starvation impairs
the protein breakdown in human monocytic cells by a
reduction of the ATP-dependent protein degradation path-
way and thereby leads to an accumulation of the ubiq-
uitin–protein conjugates. This is likely to be mediated by
a reduced assembly of the 26S proteasome in the absence
of glutamine.
3.4. Influence of Gln-starvation on protein degradation in
LPS-primed monocytes
Severe infections occur particularly in critically ill
patients with Gln-deprived monocytes. Under such con-
ditions, monocytes are mainly confronted with LPS. LPS
is well known to induce specific changes in the cellular
physiology and composition of the proteome. Therefore,
we investigated the protein degradation under these ‘‘dou-
Fig. 6. Accumulation of ubiquitinylated proteins during Gln-deprivation or
during treatment with a proteasome inhibitor. U937 cells or monocytes were
incubated for 3 h with (hatched bars) or without (open bars) 2 mM
glutamine in the absence or presence of the proteasome inhibitor lactacystin
(10 AM). Cytosolic proteins (5 Ag) of each treatment group were analyzed
for ubiquitin–protein conjugates by Western blotting. The relative
abundance of ubiquitin–protein conjugates (20–200 kDa) was calculated
based on densitometric results. Data represent the meanF S.D.
Fig. 7. Protein degradation of LPS-stimulated monocytes during glutamine
deprivation. Monocytes were pretreated in medium with (+Gln) or without
(Gln) 2 mM glutamine for 3 h. After 1 h, 100 ng/ml LPS were added and
cells were pulse-labeled with 20 ACi/ml [35S]-methionine during the last
hour of pretreatment. Protein degradation was analyzed by the decline of
incorporated radioactivity after removing [35S]-methionine from culture
medium. After 0, 3, and 9 h, cells were washed, lysed and proteins were
separated by gel electrophoresis. The incorporated radioactivity was
determined as described in Fig. 2. The incorporation measured immediately
after pulse-labeling was set to 100%. Each value represents the mean of
three experimentsF S.D. (Student’s t-test: *P< 0.05).
M. Zellner et al. / Biochimica et Biophysica Acta 1638 (2003) 138–148144ble stress’’ conditions: Gln-deprivation and LPS-challenge.
Monocytes were stimulated with 100 ng/ml LPS for 2 h
in the absence or presence of Gln and were pulse-labeled
with [35S]-methionine. Then the radioactive tracer was
removed and cells were cultured for an additional 0, 3 or
9 h. The remaining radioactivity of proteins was analyzed
by SDS-PAGE followed by autoradiography as described
above. The results are shown in Fig. 7. In the presence of
Gln, proteins were degraded at a high rate during the first
3 h. In the following 6 h, the breakdown was significantly
slower. The overall degradation rate of LPS-primed mono-
cytes was 4.4%/h (r= 0.887). This is slightly higher than
in non-LPS-treated monocytes (3.8%/h, see also Fig. 3B).
During Gln-starvation, the protein degradation of LPS-
primed monocytes was reduced by 32% (3.0%/h;
r = 0.979). This reduction is in the same range as observed
for Gln-starved monocytes without LPS treatment. The
major effect of Gln-starvation on protein breakdown was
detected during the first 3 h after pulse-labeling. The
breakdown rate in the following 6 h was nearly the same
in Gln-starved cells and in non-starved cells. These results
show that Gln-starvation impairs the overall protein deg-
radation in LPS-treated monocytes in a similar manner asin non-stimulated cells. The reduced breakdown seems to
mainly affect proteins with a short half-life.
To characterize the specific response to LPS rather than
a general change of overall protein degradation in mono-
cytes during Gln-starvation, we analyzed the protein
pattern of LPS-treated cells in more detail. Therefore,
cells were incubated with LPS, exposed to Gln-starvation
and labeled with [35S]-methionine as described above.
[35S]-incorporation was analyzed by SDS-PAGE followed
by autoradiography of the gel. The intensity of the protein
bands shown in Fig. 8A indicates the synthesis rate of the
corresponding protein. The protein pattern of LPS-treated
monocytes differed strongly from the protein pattern of
untreated cells. However, Gln-starvation had only minor
effects. The strongest influence of Gln-starvation on
protein synthesis is expected in proteins with a high
synthesis rate. LPS-treated monocytes showed two very
strong bands which corresponded to proteins with a
molecular weight of approximately 31 and 42 kDa. While
the 42 kDa band was also visible prior to LPS treatment
(lane 1), the 31 kDa protein band was strongly induced
by LPS. To identify these two proteins, we separated the
extracts by two-dimensional gel electrophoresis according
to the isoelectric point and the molecular weight. The
autoradiography of the resulting two-dimensional gels
allowed us to record relative [35S]-incorporation rates for
each single protein resolved (Fig. 8B). The 42 kDa
protein showed a pI of 5.3 and could easily be identified
as h-actin (SWISSprot AC: P02570). h-actin is a con-
stitutively expressed major cytoskeletal protein, the
expression of which is not influenced by LPS. In addition,





Fig. 8. [35S]-methionine incorporation in proteins of LPS-treated monocytes determined by one- and two-dimensional gel electrophoresis. Primary monocytes
were incubated for 2 h in the presence (+ LPS) or absence (LPS) of 100 ng/ml LPS. Cells were pulse-labeled in the presence (+Gln) or absence (Gln) of
Gln with 20 ACi/ml [35S]-methionine during the last hour of incubation. Then cells were washed and dissolved in sample puffer containing 8 M urea. The
proteins were separated either by one-dimensional SDS-PAGE (A and central part of B) or by two-dimensional gel electrophoresis (B, only +Gln). Panel C
shows enlargements of the corresponding region of the two-dimensional gels. In the two-dimensional gel, proteins were separated in the horizontal dimension
according to their isoelectric point and in the vertical dimension according to their molecular weight. [35S]-methionine incorporation in each single protein was
visualized by autoradiography.
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spot with a molecular weight of 31 kDa and a pI of 4.8.
In order to identify this protein, we excised a correspond-
ing spot on a non-radioactive gel and analyzed the tryptic
protein hydrolysates by mass spectrometry. The resulting
mass spectra were compared with the SWISSprot data
bank [25] using the MASCOT software package [26].
They were found to correspond to interleukin-1 beta
precursor protein (pIL-1h) (SWISSprot AC: P01584).
pIL-1h has a theoretical molecular weight of 30,747 Da
and a pI of 4.80. Both parameters correspond to the data
seen on the two-dimensional gel, which further confirms
the identification of the LPS-inducible protein spot as
pIL-1h. It is well known that LPS induces a number of
different receptor proteins and cytokines in monocytes
including IL-1h. Our data indicate that under the exper-
imental conditions applied, the IL-1h precursor protein is
the protein with, by far, the highest induction in response
to LPS-treatment. Two-dimensional gel analysis of mono-
cytes, which were LPS-treated in the absence of Gln,
revealed a reduced synthesis rate of both highly abundant
proteins, pIL-1h and h-actin (Fig. 8C). In addition, we
also observed a reduction in the synthesis of several lower
abundant proteins in Gln-starved monocytes (data notshown). However, further studies would be needed for
their identification.
In a recent publication, Moors et al. [39] showed that the
degradation of pIL-1h by the ubiquitin–proteasome path-
way plays an important role in controlling the amount of
cytosolic pIL-1h. As described above, the proteasome-
mediated proteolysis is impaired during Gln-starvation.
Hence, we investigated the pIL-1h breakdown under such
conditions. In the presence of Gln, about 50% of pIL-1h
was degraded within the first 3 h (Fig. 9A, lane 2) and 9 h
after pulse-labeling, pIL-1h was barely detectable (lane 3).
Thus, pIL-1h is a strongly LPS-inducible protein with a
very short half-life. In the absence of Gln, however, the
picture was altered: pIL-1h was degraded at a much slower
rate than in the presence of Gln. There was still a consid-
erable amount of [35S]-labeled protein visible after 3 h. In
contrast, Gln-starvation had only minor effects on the
degradation rate of the long-lived h-actin (Fig. 9B):
although there was a reduction of the initial breakdown
during the first 3 h after pulse-labeling, the degradation of
the remaining high levels of actin (>80%) was unaffected.
These data show that Gln-starvation has a negative effect on
the degradation of major abundant proteins mainly during
the initial high breakdown rate. Thus, the reduction espe-
Fig. 9. Degradation of pIL-1h and h-actin in LPS-primed monocytes.
Primary monocytes were incubated in medium with (+Gln) or without
(Gln) 2 mM glutamine for 3 h. After 1 h, 100 ng/ml LPS was added and
cells were pulse-labeled with 20 ACi/ml [35S]-methionine during the last
hour of incubation. Then cells were washed to remove extracellular [35S]-
methionine and cultured for an additional 0, 3, and 9 h. Proteins were
extracted and separated by gel electrophoresis. The radioactivity of the
protein bands corresponding to pIL-1h (A) and h-actin (B) of two
independent experiments was determined and the mean value is shown in
the graph. The insert shows the corresponding bands of the auto-
radiography.
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expressed in response to LPS treatment.4. Discussion
The present study clearly demonstrates that an insufficient
supply of monocytes with the amino acid Gln leads to a
reduced rate of protein degradation. This effect occurs in
monocytic U937 cells as well as in untreated or endotoxin-
treated monocytes. Gln-starvation of monocytes frequently
occurs in vivo during critical illness and is associated with a
decreased level of several receptor proteins and an impaired
function of these cells. Our results suggest that Gln-starvation
may contribute to the changes in the monocyte proteome by a
reduced activity of the 26S protein degrading complex.
Reduced plasma Gln concentrations are known to be
accompanied by exaggerated skeletal muscle protein wast-
ing, which finally leads to a catabolic state of the patient. Themuscle wasting is regulated primarily by endocrine signals
like glucocorticoids, which selectively up-regulate the
expression of ubiquitin and different proteasome subunits
in skeletal muscle cells [27]. Experiments with isolated L8
skeletal muscle cells cultured at subphysiological Gln con-
centrations revealed an increase in proteolysis of long-lived
proteins [28]. The degradation rate of short-lived protein was
not augmented in these muscle cells. The effect of Gln-
starvation on protein metabolism in monocytes described
here is different. Gln-starvation leads to a reduction of protein
breakdown which seems to be more pronounced in short-
lived proteins. Long-lived proteins like actin appear to be less
affected. These data indicate a cell type-specific response of
the proteolytic pathways to Gln-starvation. Gln has a different
role in the metabolism of skeletal muscle cells and mono-
cytes.While Gln contributes about 40% to the energy require-
ment of monocytes, it plays only a minor part as energy
substrate for skeletal muscle cells [29]. In critical illness, Gln
is utilized primarily by liver, gut and immune cells, whereas
skeletal muscle serves as the major Gln supplier [30]. Thus,
an increase in proteolysis in response to Gln-starvation as
described in L8 cells is an appropriate regulatory effect in
skeletal muscle in order to augment Gln release. Correspond-
ingly, intravenous glutamine supplementation prevents
increased proteolysis in skeletal muscle of endotoxin-treated
rats [31], and decreases branched chain amino acid catabo-
lism in postabsorptive control, endotoxemic, and irradiated
rats [32]. However, the inhibitory effect of Gln-starvation on
proteolysis in monocytes described herein may be intended to
help these cells to avoid depletion of proteins and amino acids
in order to keep their full integrity for the immune response.
The present study characterizes the molecular mechanism of
this cell type-specific regulatory effect of Gln-starvation on
proteolysis. Proteins are degraded in mammalian cells mainly
by two different pathways: the energy-dependent ubiquitin–
proteasome pathway and the energy-independent lysosomal
pathway. The negative effect of Gln-starvation on protein
breakdown is ATP-dependent and is mimicked by the specific
inhibitor of the proteasome lactacystin. This strongly sug-
gests that Gln-starvation affects the ubiquitin–proteasome
proteolytic pathway. In the first step of this pathway, proteins
are ubiquitinylated at the lysine q-amino groups which are
then in the second step recognized and degraded by the 26S
proteasome (for review see Ref. [33]). Gln-starved mono-
cytes showed an accumulation of ubiquitin–protein conju-
gates in addition to the reduced rate of protein breakdown.
This indicates an inhibition of the second step of the pathway,
the degradation of the ubiquitin–protein conjugate by the
proteasome complex. We found that Gln-starvation leads to a
decrease in intracellular ATP levels, which is likely to have
direct consequences on proteasome function. The assembly
of the 26S proteasome as well as the unfoldase activity of the
19S subunit is energy-dependent. ATP hydrolysis is therefore
discussed to be the rate-limiting step in degradation by the
26S proteasome [34]. Thus, the Gln-starvation-mediated lack
of intracellular ATPmight lead directly to a reduced assembly
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the literature which support this notion. Kamikubo and Hay-
ashi [35] investigated the assembly and activity of the 26S
proteasome in the gerbil cortex following transient forebrain
ischemia. The ischemia-induced reduction of ATP was asso-
ciated with a rapid accumulation of ubiquitin–protein con-
jugates, a significant decrease in the activity of the 26S
proteasome and an increase in free 20S subunits. These
effects returned to control levels after 1 h. In addition, Orino
et al. [36] showed that cell lysates from ATP-depleted human
monocytic HL-60 cells contained large amounts of free 20S
proteasome subunits. Non-ATP-depleted cells, however, con-
tained predominantly 26S proteasome complexes. These data
strongly suggest that ATP-depleting conditions, such as Gln-
starvation, leads to an impaired assembly and reduced activ-
ity of the 26S proteasome complex. Even though the first step
of the ubiquitin–proteasome pathway, ubiquitinylation of the
target protein, is also ATP-dependent, it does not seem to be
affected by Gln-starvation. Thus, the activity of the protea-
some complex might be more susceptible to a reduced ATP
level than ubiquitinylation. Unfortunately, there are no data
available today which compare the ATP-dependence of the
two steps in the ubiquitin–proteasome pathway.
The present study revealed that the breakdown rate of
proteins which are degraded within the first 3 h after labeling
is more reduced by Gln-starvation than the breakdown rate of
proteins which are degraded in the subsequent 6 h. This
suggests that Gln-starvation reduces the degradation of
mainly short-lived proteins while long-lived proteins are less
affected. The degradation of both short-lived and long-lived
proteins is mediated by the ubiquitin–proteasome pathway
[18]. A prior study in Chinese hamster embryo fibroblasts
reported that long-lived and short-lived proteins show a
similar ATP-dependence [37]. The present study analyzes
of the role of ATP in the reduction of protein breakdown in
Gln-starving cells at only one time point. Therefore, it cannot
be clarified whether ATP-depletion plays a role in the
selectivity of the Gln-starvation effect on protein degradation
of short-lived proteins.
The observed decrease of ATP in Gln-starved U937 cells
was associated with a reduction of protein breakdown as well
as with a decline in protein synthesis both to about the same
extent. A previous detailed analysis of the effect of ATP
depletion on protein synthesis and breakdown in fibroblasts
revealed that protein synthesis declines faster in response to
ATP depletion than proteolysis [37]. The authors used the
strong inhibitor DNP to induce up to 80% of ATP depletion
and determined the incorporation of radioactive labeled
amino acids into acid-precipitable material. In the present
study, we induced ATP depletion of about 30% by Gln-
starvation and determined the incorporation of radioactive
amino acids in proteins with a molecular weight between 20
and 200 kDa. Thus, besides the technical differences, the
present study analyzes only the effect of one level of ATP
depletion and it cannot be excluded that protein synthesis and
breakdown respond to higher ATP depletion in U937 cellssimilar to fibroblasts. The inhibitory effect of Gln-starvation
on protein synthesis was surprisingly lower in monocytes
than in U937 cells, while the effect on breakdown was
similar. This indicates a cell type-specific dependency of
protein synthesis on respiratory fuel. Further studies would be
needed for characterization of this phenomenon.
In the present study, we additionally investigated the
effects of Gln-starvation on the stability of proteins ex-
pressed in monocytes subjected to an endotoxin challenge in
more detail. We identified the, by far, most induced protein
in endotoxin-treated monocytes by a proteomics approach,
the interleukin-1h precursor protein (pIL-1h), and compared
its turnover with h-actin. pIL-1h is the precursor of the
cytokine IL-1h, which is secreted by monocytes in response
to inflammatory stimuli and has a broad range of effects on
immune and non-immune cells. The precursor protein
accumulates in the cytosol before release and significant
quantities of IL-1h are not detectable in monocyte super-
natants until approximately 2 h after synthesis [38]. In a
recent study, Moors and Mizel [39] showed that cytoplas-
matic pIL-1h is degraded with a relatively short half-life of
2.5 h by the ubiquitin–proteasome pathway. Specific inhib-
ition of the 26S proteasome complex caused a dose-depend-
ent stabilization of intracellular pIL-1h, and this led to a
corresponding increase in mature IL-1h release into culture
supernatants. The authors therefore argue that the protea-
some plays an important role in controlling the amount of
biologically active IL-1h that is exported by activated
monocytes. In the present study, we found a significantly
reduced degradation of pIL-1h in Gln-starved monocytes,
while the breakdown of the long-lived h-actin was less
affected. This strongly suggests that the previously unrec-
ognized negative effect of Gln-starvation on proteasome-
mediated proteolysis described here leads to protein spe-
cific changes in the monocyte proteome, thus interfering
with the regulation of monocyte responses to endotoxin.
Monocytes are often exposed to Gln-starvation in critically
ill patients which have reduced plasma Gln levels. As
indicated in the Introduction, the monocytes of these
patients show a modified response to endotoxin challenge
when compared to monocytes of healthy subjects. The
decrease in proteolysis during Gln-starvation and its effect
on the endotoxin response described here is likely to
contribute to this compromised monocyte activity in crit-
ically ill patients.Acknowledgements
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